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Fully understanding a chemical reaction on the quantum level is a longstanding goal in physics and chemistry. Experimental investigation of such state-to-state chemistry requires both the preparation of the reactants and the detection of the products in a quantum state resolved way, which has been a long term challenge. Using the high level control in the ultracold domain, we prepare a few-body quantum state of reactants and demonstrate state-to-state chemistry with unprecedented resolution. We present measurements and accompanying theoretical analysis for the recombination of three spin-polarized ultracold Rb atoms forming a weakly bound Rb 2 dimer. Detailed insights of the reaction process are obtained that suggest propensity rules for the distribution of reaction products. The scheme can readily be adapted to other species and opens a door to detailed investigations of inelastic or reactive processes in domains never before accessible.
Although the underlying fundamental forces and equations are well known, there is no full understanding of the inelastic or reactive dynamics of a system with more than two reactive constituents.
Solving the complete dynamics is only possible when the number of product exit channels is very limited (1) (2) (3) (4) . In a typical chemical reaction, however, where hundreds of molecular states are involved, a direct solution is currently beyond reach. So far, experimental investigations of the state-to-state processes have been limited because of the challenges to prepare the reactants in a well-defined quantum state and to detect the products in a quantum state resolved manner. Early experiments investigated the exchange collision between molecular and atomic hydrogen, see e.g. (5, 6) . These experiments took place at collision energies of about 1 eV and resolved vibrational and rotational levels of the product molecule, as well as the angular distribution (7) . Another example for state-to-state experiments are half-collisions where a molecule is prepared in a well-defined predissociation state and its fragments are detected after dissociation, see e.g. (8) . Recently, in the ultracold regime systems with a single reaction channel have been investigated, e.g. (9) (10) (11) .
Three-body recombination is one of the most fundamental processes and is highly relevant throughout many different fields, including plasma physics (12) , combustion and atmospheric chemistry (13, 14) , and primordial star formation (15, 16) . Recombination is an exothermic reaction, where three atoms collide to form a diatomic molecule and a free atom, both carrying away the released energy in the form of kinetic energy (17) (18) (19) . The reaction can strongly depend on the collision energy, the initial quantum state of the reactants and the details of the interactions between the particles. Ultracold atomic gases allow for extraordinary control of these parameters (20) (21) (22) , enabling studies that determine the scaling properties of the total three-body recombination, see e.g. (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . In principle, there is a wide range of molecular states that can be formed, ranging from weakly to deeply bound. The investigation of the final state product distribution is essentially still terra incognita.
In order to form a molecule with a given bond-length, the three atoms need to approach each other within roughly one bond-length. Since for dilute gases three-body collisions happen more frequently at large distances than at short ones, the formation of weakly bound molecules which have large bondlengths is favored (32) . At ultracold temperatures the scattering length sets a typical length scale for the minimal distance between the particles as they pass each other in a collision. Indeed, early investigations of three-body recombination showed that for resonant interactions (large scattering lengths) almost exclusively molecules form in the most-weakly bound state, which has a typical size given by the scattering length (9, 10) . For non-resonant interactions (small scattering lengths) also more-deeply bound molecular states are expected to be populated, and it is an open question how sensitive the product distribution is on the details of the interaction potential (35, 36) .
Here, we investigate three-body recombination for non-resonant interactions with a gas of ultracold 87 Rb atoms confined in a crossed optical dipole trap (see (37) ). Each atom is in the electronic ground state with total angular momentum and magnetic quantum numbers f = 1 and m f = −1, respectively.
Three-body recombination produces Rb 2 molecules in the mixed X 1 Σ + g and a 3 Σ + u electronic state manifolds. We measure the product state distribution down to binding energies of 17 GHz × h identifying hyperfine states with an unprecedented resolution of about 5 MHz × h. Our measurements and calculations indicate that the most-weakly bound molecular level is populated the most (≈ 50%), and the population of more-deeply bound levels decreases slowly with binding energy, shedding light on open questions about product distributions. Furthermore, propensity rules can be deduced, e.g. that a newly formed weakly bound molecule inherits the internal spin-quantum numbers of the initially prepared atomic scattering state. Thus, the molecule formation process does not involve spin flips.
In contrast to that, we observe that the product molecule can pick up a sizeable rotational angular momentum of up to 6h.
DETECTION SCHEME FOR MOLECULAR STATES
For detecting the molecular quantum states we ionize the newly formed molecules in a stateselective fashion using a two-color (1,2) REMPI technique (resonance-enhanced multi-photon ionization). Subsequently, the ions are captured in a Paul trap. After a given time, during which several ions can accumulate, we measure their number. Figure 1A shows the REMPI scheme. By tuning the frequency of the 'probe laser' (see (37) ) weakly bound molecules can be state-selectively excited towards the vibrational level v = 66 of the A 1 Σ + u potential in a resonant way (for selection rules see (37) ). This level exhibits a simple rotational substructure (38, 39) (see inset) with predicted hyperfine splittings of less than 3 MHz. From there, two photons of an 'ionization laser' ionize the molecule (see (37) ). In Fig. 1B we plot the term energies of the most relevant weakly bound molecular levels with F = 2 for the atom pair f a = 1, f b = 1, where the indices represent atom a and b, and F denotes the total angular momentum of the molecule excluding its rotational angular momentum R. The term energies are obtained from coupled-channel calculations, see (37) . J is the total angular momentum quantum number excluding nuclear spins. Afterwards, two photons from the ionization laser ionize the molecule. a 0 is the Bohr radius. B, Calculated energy levels of selected, weakly bound molecular states with the quantum numbers v, R for vibration and mechanical rotation, respectively.
Only levels with total positive parity and angular momentum F = 2 that correlate to the f a = f b = 1 atomic asymptote are shown. This asymptote marks the zero energy reference level. The vibrational quantum number v is counted downwards starting at v = −1 for the most-weakly bound vibrational state.
ASSIGNMENT OF PRODUCT STATES
As a preparation for the assignment of product states we first calibrate the probe laser frequency with respect to the term energies of the probed weakly bound levels. For this, we carry out a photoassociation measurement (40) which sets a marker for zero binding energy. The ion trap is turned off and the probe laser frequency ν is scanned in small steps of 5 MHz. For every step we expose a freshly prepared atom cloud to the probe laser for a duration of 2 s and afterwards measure the remaining number of atoms N via absorption imaging. On resonance the probe laser couples two ultracold Rb atoms colliding in a s-wave (i.e. R = 0) to the bound level A 1 Σ + u , v = 66, J = 1 and atom loss occurs. Here, J is the total angular momentum quantum number excluding nuclear spins. As shown in Fig. 2 (orange data), we observe a single photoassociation line at a frequency of ν 0 = 281, 445.045 GHz.
The linewidth of the photoassociation dip is 15 MHz, close to the natural linewidth of about 10 MHz.
The next photoassociation line is expected 570 GHz away (39). We now turn on the ion trap and repeat the experiment with an exposure time of 0.5 s (blue data).
In addition to the strong photoassociation dip at ν = ν 0 also a number of other loss dips are observed.
As our analysis will show, these resonances belong to product molecules from three-body recombination which are state-selectively ionized as the probe laser is scanned. The ionized molecules are immediately trapped in the Paul trap which is arranged such that they are immersed in the cold atom cloud. The ions undergo collisions with the atoms and induce atomic losses that can be substantial during exposure time. A larger number of ions leads to a larger loss of atoms. Resonance dips in Fig.2 with a depth of about 0.3 are typically induced by an average of about five ions. This measurement of atomic loss constitutes a semi-quantitative ion detection method which we refer to as ion detection scheme I (see (37) for details).
We first consider REMPI transitions towards A 1 Σ + u , v = 66, J = 1 and turn to J > 1 afterwards. As the probe laser frequency increases, starting from ν 0 , it probes more and more-deeply bound molecular levels. In the given frequency range of Fig. 2 ). This is remarkable, since at ultracold temperatures the atoms originally collide in s-waves where R = 0.
As a consistency check of our assignment, we make use of the fact that for molecules with R > 0 each level can give rise to two transition lines, R → J = R ± 1. Indeed, we verify that e.g. the level v = −2, R = 2 not only produces a transition line at ≈ 0.5 GHz (J = 1) but also one at ≈ 5 GHz (J = 3) (see Fig. 2 ). Both transition lines are of similar strength, as expected.
After determining that the observed resonance lines belong to weakly bound molecules in well defined quantum states, one might still question whether the origin of the molecules is three-body recombination. We have performed test measurements on the density dependence of the ion signal for transition lines (see Fig. S1 in (37) ). The normalized ion signals show a clear quadratic scaling behavior which points to the three-body nature of the molecule formation.
Besides the weakly bound molecular states with the quantum numbers f a = f b = 1, there exist other states near threshold with the quantum numbers f a = f b = 2 or f a/b = 1, f b/a = 2, see (37) . However, we only find clear signals from f a = f b = 1 molecules in our measurements. Furthermore, we only observe molecules with an even rotational quantum number, i.e. R = 0, 2, 4, ..., which corresponds to positive total parity. Interestingly, the spin quantum numbers f a and f b as well as the total parity of the product molecules are the same as for the two-body atomic scattering state initially prepared in our experiment. The total parity of the scattering state must be even because the colliding atoms are identical bosons and hence their partial wave must be even. Thus our present experiments indicate that the internal spin states of the colliding atoms do not change when a weakly bound molecule is formed in three-body recombination. This is in contrast to our previous measurements where we investigated more-deeply bound Rb 2 molecules and observed a broad range of spin states (41) .
In addition to the assigned transition lines several other unidentified resonance dips are visible in Fig. 2 (blue data). In order to investigate where these lines originate from we measure the spectrum again, but with the ionization laser frequency shifted by −150 MHz (green data in Fig. 2 ). Both scans exhibit the already assigned transition lines at the same probe laser frequencies. The positions of several unidentified resonance dips, however, shift by +150 MHz. Thus, for these dips, the sum of the ionization and probe laser frequencies remains constant. This indicates a two-photon process, where the combination of a probe and an ionization photon resonantly excites an intermediate molecular level. A third photon finally ionizes the molecule. Therefore, these transition lines correspond to a (2,1) REMPI process. Currently, we have not yet assigned these lines to specific molecular transitions.
We note that further unidentified resonance dips can be found in the spectrum, which, however, belong to more deeply bound states with other REMPI paths and need to be discussed elsewhere.
RESOLUTION OF HYPERFINE PRODUCT STATES
Our spectroscopic method can resolve molecular levels well beyond the vibrational and rotational splitting, revealing details of hyperfine and exchange interaction. Figure 4 shows the transitions v = −3, R = 0, 2 → J = 1, observed with ion detection scheme II which accurately measures the number of trapped ions (see (37) ). Each of the R = 0, 2 levels consists of two (F = 0 and F = 2) hyperfine sub-levels with a small splitting of about 20 MHz. (The substructure of F levels is negligible, see (37) .). The small splitting is linked to the fact that the singlet X 1 Σ + g and triplet a 3 Σ + u potentials have slightly different scattering lengths. The calculated transition frequencies are indicated as vertical lines in Fig. 4 . In the spectrum we only observe hyperfine levels with F = 2. From the peak-heights and the noise we estimate that residual F = 0 signals must be at least a factor of four smaller as compared to F = 2. In fact, also in all other measurements for weakly bound molecules we only find signatures for levels with total internal spin F = 2. Interestingly, F is the same as for the scattering state. Thus, this finding supports our previous hypothesis that the molecular product has the same internal spin state as the two-body atomic scattering state.
MOST-WEAKLY BOUND STATE
Next, we investigate the most-weakly bound molecular level with positive parity (v = −1, R = 0) since it is expected to be dominantly populated in ultracold three-body recombination. This level has a binding energy of 24 MHz × h. Unfortunately, the REMPI signal of this molecular level is buried under the strong photoassociation line in Fig. 2 . Therefore, we enhance the photoexcitation signal relative to the photoassociation line by reducing the probe laser intensity by a factor of 20 to ≈ 0.6 W cm −2 . This diminishes saturation effects of the photoexcitation peak and results in a narrow linewidth of about 16 MHz (FWHM), close to the natural linewidth of ≈ 10 MHz for the A 1 Σ + u state. 
FINAL-STATE POPULATION DISTRIBUTION
We calibrate the ion signals in order to determine the three-body recombination induced loss rate constants L 3 (v, R) for the flux into individual rovibrational levels in absolute terms. For this, we determine the probability that a molecule is ionized by the REMPI scheme once it has been formed (see (37) ). Figure 5 (circles) shows the individual loss rate constants L 3 (v, R) as inferred from our experimental data (see (37) ). This corresponds to the population distribution of molecular products.
We investigate weakly bound molecular levels up to a binding energy of 17 GHz × h as marked by vibrational and rotational quantum numbers in the plot. The observed lines can unambiguously be assigned to molecular product states as measurements and calculated resonance frequencies accurately match within the experimental resolution of a few megahertz. Generally, the error bars shown in by the inverse exit channel velocity. The 1/ √ E b dependence is a simple propensity rule that can be tested further in future research. For understanding the measured population distribution, we have also carried out state-of-the-art numerical three-body calculations (crosses in Fig. 5 ) based on a simplified model of long-range potentials (see (37) ). In agreement with the data, we find a general 1 respect to adding bound states. Thus, the rotational distribution for these more-deeply bound levels is sensitive to shorter-range details that our model is not treating fully. Despite these limitations the theoretical model suggests that the rotational distributions for given v might have non-negligible sensitivity to three-body corrections that are not pairwise additive (see (37) ). Our calculation also suggests that the oscillatory dependence on R extends possibly to more-deeply bound levels.
In general, the sum We can estimate that about 10% of the molecules are more deeply bound than v = −5, using the 1/ √ E b scaling law for the vibrational population. The total population of levels v < −5 is then approximately given by
is the calculated R = 0 bound state energy for the vibrational level v of the mixed a 3 Σ + u state. Indeed, some of the more deeply bound levels were observed in (41) .
OUTLOOK
In the near future we plan to extend the studies of the product population to more-deeply bound states to study how propensity rules change with binding energy. Furthermore, it will be important to investigate how the product distribution depends on the initial quantum states and the scattering length of the colliding particles. Our experimental scheme can readily be adapted to other bosonic or fermionic elements or isotopes. In general, the product measurement technique introduced here can be used to investigate a wide range of inelastic processes at ultra-low temperatures well beyond three-body recombination such as molecular relaxation and rearrangement reactions. Therefore, the present work sets the stage for experiments where chemical reactions and inelastic collisions can be explored in a state-to-state fashion with full resolution on the quantum level.
Our comparison of measurement and state-of-the-art theoretical calculations demonstrates areas of both agreement and difference and should stimulate new theoretical efforts for pushing forward the current limits in the description of few-body dynamics. The theoretical considerations presented here suggest that simple models can help to deduce qualitative trends, but it is clear that much work on interaction potentials and numerical methods will be needed to develop a comprehensive understanding of recombination pathways and propensity rules. Our work discloses several experimental and theoretical directions to examine in future research. Besides gaining a better understanding, this work leads the path to new tools for controlling chemical reaction processes.
SUPPLEMENTARY MATERIALS AND METHODS

Preparation of the atomic sample and setting the total three-body loss rate
The atomic cloud is prepared in a crossed optical dipole trap at a wavelength of 1, 064.5 nm with trapping frequencies of ω x,y,z = 2π × (23, 180, 178 ) Hz, where z denotes the vertical direction. The magnetic field is about 3 G. Typically, we work with a thermal sample at an initial temperature of about 750 nK that consists of N at ≈ 5 × 10 6 atoms. It is a Gaussian-shaped cloud and has a cloud size of σ x,y,z ≈ (58.6, 7.5, 7.5) µm. The initial peak particle density is n 0 ≈ 0.9 × 10 14 cm −3 . The atomic density distribution n sets the total three-body loss rateṄ at = ṅ d 3 r = −L 3 n 3 d 3 r, where L 3 is the total loss rate constant. L 3 has been measured, e.g., by Burt et al. (22) to be L 3 = (4.3 ± 1.8) × 10 −29 cm 6 s −1 . Using this loss rate constant, N at ≈ 150, 000 atoms are typically lost due to three-body recombination in the first 500 ms.
Properties of molecular states and selection rules
In order to label the molecular quantum states of the weakly bound a/X-state molecules we use the atomic pair basis (Hund's case e), | f a , f b , F, R, F tot , m Ftot . The angular momenta F F F and R R R couple to each other to form the total angular momentum F F F tot , giving rise to level splittings for different F tot that are smaller than 1 MHz. In the present experiments we do not resolve this F tot , m Ftot substructure.
According to the selection rules for optical dipole transitions, only molecules containing a X 1 Σ + g component can be excited towards A 1 Σ + u . Fortunately, a majority of the weakly bound molecular states exhibit a sizeable singlet admixture of at least 10%, due to the hyperfine interaction (see Supplementary Data). For Rb 2 these states are characterized by F = 2, 0 (F = 1, 3) for positive (negative) total parity, respectively.
The excited state A 1 Σ + u , v = 66 has hyperfine splittings off less than 3 MHz, despite the fact that spin-orbit coupling mixes in 16% of the b 3 Π u state (see (38, 39) ). Therefore A 1 Σ + u , v = 66 exhibits an essentially pure rotational substructure ∝ B v J (J + 1) with a rotational constant of B v = 443 MHz.
For exciting a molecule towards the state A 1 Σ + u , optical dipole selection rules demand R → J = R + 1 for R = 0, and R → J = R ± 1, otherwise.
Coupled-channel calculations
The Rb 2 energy levels are calculated with a coupled-channel model which uses the Hamiltonian for atom pairs of s + s or s + p states (see e.g. (42, 43) ) and potentials derived from former spectroscopic work of several groups. We have reevaluated the analysis of the singlet and triplet ground states (42) correcting the assignment of some high rotational levels as remarked in (44) and derived improved potentials for X 1 Σ + g and a 3 Σ + u . Because the analysis includes a number of Feshbach resonances we obtain reliable predictions for the asymptotic level structure. The potential system for the atom pair s + p was derived from spectroscopic work collected in (38) and work from our own group (39, 43) .
The coupled-channel calculation describes in full detail the singlet-triplet mixing needed for deriving reliable Franck-Condon factors. It predicts the hyperfine structure in the state A 1 Σ + u to be small, such that it is negligible for the present analysis.
REMPI lasers
The first excitation step for the REMPI is driven by a cw external-cavity diode laser (the 'probe laser'). It has a Gaussian beam waist (1/e 2 -radius) of ≈ 280 µm at the position of the atomic sample, so that the intensity is ≈ 12 W cm −2 . The second REMPI step is driven by the dipole trap laser (the 'ionization laser'). Since we work with a crossed dipole trap, the ionization laser consists of 
Ion detection
The Rb Consequently, a produced Rb + 2 -ion is quickly pulled outside of the atom cloud into the ion trap such that further atom-ion collisions are suppressed. In order to trap one to three ions we typically set an appropriate accumulation time in the range between 2 to 500 ms. We count the trapped ions by immersing them into a new atom cloud with a comparably low density of 4 × 10 12 cm −3 for an interaction time of 1.5 s. As in detection scheme I, the ions inflict atom losses which increase stepwise with the number of ions, see (23, 45) . The scheme can count up to five ions. The micromotion energy is set to about 0.1 K × k B .
Density dependence of ion production rate
In order to check whether resonance lines of our REMPI spectra are the result of three-body recombination we measure how the ion production rate depends on the atomic density. Figure S1 shows the ion signal for the level v = −2, R = 0 after an accumulation time of 100 ms. The measured signal has been normalized to represent the ion signal per million atoms in the cloud. The scaling in terms of the atomic density n is clearly quadratic, as expected for a three-body process. A two-body process such as photoassociation would be characterized by a linear dependence. The continuous lines are fits of the model function S(P) = S max (1 − exp(−C · P)) to the data. The fit constant is roughly the same C ≈ 2.5 (mW) −1 for all three curves. P is the total power of the probe laser.
Monte-Carlo model calculations
Once a weakly bound Rb 2 molecule is formed via three-body recombination it will fly out of the atomic cloud with a velocity v Rb2 = E b /(3m Rb ) which is determined by the released binding energy E b and the mass of the rubidium atom m Rb . On the way out, the molecule can collide with cold atoms and relax to a more-deeply bound state. The rate for this process is Γ rel = K rel n(r r r), where n(r r r) is the local atomic density and K rel is the relaxation constant. We assume K rel = 10 −10 cm 3 s −1 , see (46) (47) (48) (49) (50) . At the same time, the probe laser can photoexcite the molecule with a rate Γ phot = c I(r r r) f FC f HL /((γ/2) 2 + δ 2 ), where I(r r r) is the local intensity of the Gaussian laser beam, f FC is the Franck-Condon factor for the singlet parts of the multicomponent molecular wave functions, f HL is the Hönl-London factor, γ ≈ 10 MHz is the linewidth of the excited molecular level, δ is the laser detuning from resonance, andc is a constant that includes, e.g., the transition electric dipole matrix element. We calculate Monte-Carlo trajectories of produced molecules and determine the probability that the molecules undergo relaxation or photoexcitation within the transient time. The molecules are created according to the spatial probability distribution n 3 (r r r)/ n 3 (r r r)d 3 r with the direction of their respective velocity being random. On average, the molecular velocities will lead to , where P is the total probe laser power andS max as well as C can be adapted to achieve a reasonable fit.
Doppler-broadening and to a reduction of the on-resonance photoexcitation rate by a factor given by arctan(2v Rb2 /(λ γ))/(2v Rb2 /(λ γ)), where λ is the transition wavelength. However, this reduction can be neglected for our purposes. Figure S3 A shows the Monte-Carlo calculations for the v = −2 level for the experimental parameters of our setup. The presented curves are the probabilities that for a given power a created molecule is photoexcited, undergoes relaxation, or remains unscathed. For example, at a resonant probe laser power of 9 mW about 89% of the produced v = −2 molecules will be photoexcited. About 8% will be lost due to relaxation collisions and about 3% will leave the cloud and probe laser beam without having relaxed or being photoexcited. We find that the photoexcited fraction can be well described by the model functionS(P) =S max (1 − exp(−C · P)). In order to reproduce the power dependence of the v = −2 data in Fig. S2 we have adjustedc, which effectively calibrates the total power P in our calculations. Keeping the samec, the Monte-Carlo model can now also be used for any other vibrational level, if the respective values for f FC , f HL , and v Rb2 are employed. In Fig. S3 B we show calculations for v = −1.
Calibration of REMPI efficiency
The overall efficiency of REMPI is the product of the efficiency η 1 to excite the molecule (within its lifetime in the REMPI laser beams) to the A 1 Σ + u , v = 66 level and the efficiency η 2 to ionize this excited molecule.
In order to determine η 1 , we use both our measurements and calculations presented in the Sections 7 and 8. With the exception of level v = −1, we generally work with probe laser powers of about 30 mW for which the ion signal is strongly saturated (see e.g. Fig. S2 ) and the observed linewidths of REMPI signals exceed the natural linewidth of the A 1 Σ + u level (≈ 10 MHz) by roughly a factor of two (see e.g. Fig. 3 ). Despite an apparent saturation of the ion signal it is still possible that a fraction of molecules escape or relax in a collision before they are optically excited. Using our Monte-Carlo model we have calculated this fraction (see Fig. S3 A) . We find that for all the vibrational levels in our measurements with v < −1, the excitation efficiency is η 1 > 0.9, for a probe laser power of ≈ 30 mW. In contrast, for the v = −1 level we work in a low power regime where the ion signals are not saturated. If, e.g., we work with a probe laser power of 1.5 mW, Fig. S3 B shows that only 21% of the initially created v = −1 molecules are excited in the first step of our REMPI detection scheme, thus we derive η 1 = 0.21.
We determine the efficiency η 2 with the help of photoassociation. From a cold Rb atom cloud we photoassociate several percent of the atoms to the intermediate level A 1 Σ + u , v = 66, J = 1 within 1 s. We deduce the number of photoassociated molecules by measuring the corresponding atomic losses from the atomic cloud via absorption imaging. We find that a small fraction η 2 of these molecules is ionized by the ionization laser. Measuring the number of produced ions with detection scheme II, we determine the ionization efficiency to be η 2 = (6.6 ± 0.7 ± 2.2) × 10 −4 . Here, the first uncertainty value is of statistical nature, while the second one mainly reflects systematic errors in the atom number measurements by absorption imaging. We note that photoassociated molecules that are not ionized, relax quickly to the molecular ground state X 1 Σ + g by emitting a photon. At this point they are cold and trapped in the atomic cloud, but in general vibrationally excited. Within a few tens of ms, these molecules will then inelastically collide with another atom and relax to more deeply-bound vibrational states. The released binding energy will kick both the molecule and the atom out of the trap. Therefore each photoassociated molecule typically leads to a loss of three atoms from the cloud, a fact that needs to be taken into account when determining the number of photoassociated molecules from the measured atom loss.
Determination of molecule production rates
Once the REMPI efficiency η 1 η 2 is determined, it is used to directly convert a measured ion number into a number of molecules M(v, R) formed in a particular state. The corresponding loss rate
where τ is the accumulation time during which molecules are produced via three-body recombination.
We determine the time dependent density n(r r r,t) by measuring the total atom number and temperature of the atom cloud at various times during its decay (see Fig. S4 in Section 11).
We note, that it is in general not a-priori clear whether all the molecules in a particular level originate directly from three-body recombination, as relaxation of more weakly bound molecules due to a collision with an atom might also contribute to the population of the level. Clearly, the level v = −1 is most relevant for this process, and according to the Monte-Carlo calculations (see Section 8), about 40% of the v = −1 molecules are expected to relax for our given experimental parameters.
Therefore, as an example we tested whether the v = −2 level is strongly populated through relaxation of v = −1 molecules by repeating the recombination rate measurements for clouds with a factor of five smaller atom number and density. Possible relaxation contributions to the flux into level v = −2 level should then be strongly suppressed. Our measurements, however, do not indicate such a suppression,
as we obtain a similar loss rate constant L 3 (v, R) as before. Therefore, this is evidence that the measured molecular fluxes are mainly originating from a direct three-body recombination into each v, R product channel. Nevertheless, the determined population of the v = −2, −3, −4, −5 levels has to be considered as an upper limit for three-body recombination flux.
Decay of atomic cloud
We measure the decay of the number of Rb atoms trapped in our optical dipole trap while the probe laser is switched off (see Fig. S4 ). For times t > 5 s, the decay is exponential, mainly due to collisions with thermal background gas. For short times, additional losses, e.g., due to three-body recombination, photoassociation, and evaporation are present.
Time ( 
Three-body model and calculations
Besides the experimental determination we calculate the set of loss rate constants L 3 (v, R) numerically. Our computational method uses the adiabatic hyperspherical representation to solve the 3-body Schrödinger equation (4, 51) . From the solution of the coupled equations, the elements of the unitary scattering S-matrix are obtained that connect the entrance channel state to the various product channel states v, R. Consistent with the experimental observations, we ignore nuclear spin degrees of freedom so that we assume entrance three-body continuum states of total angular momentum J J J = 0 and positive parity. Consequently the product channels also have J J J = 0, resulting from the sum of the angular momenta for diatomic molecular rotation R R R and the relative angular momentum of the atom-diatom pair. The total three-body decay rate of an atomic gas of density n isṅ = −L 3 n 3 , where
We follow Refs. (33, 52) in assuming that the three-body potential is a pairwise additive sum of two-body Lennard-Jones potentials V (r) = −(C 6 /r 6 s )(1 − (λ /r s ) 6 ), where r s is the pair separation and C 6 = 4710.22 a.u. is the known long-range van der Waals coefficient for two Rb atoms in their ground electronic state (42) . The short-range parameterλ is adjusted for a selected number N s of R = 0 bound states to give the known scattering length 100.36 a 0 for two 87 Rb atoms in their f = 1, m f = −1 hyperfine state (42). Here we let N s range from 1 to 6. For a similar example of calculations with Cs atoms see (52) . Figure S5 shows the three-body adiabatic potentials as functions of hyperspherical radius ρ calculated for the case of N s = 4 s-wave bound states. Three atoms come together from large ρ with collision energy E col > 0 close to the E col = 0 threshold and encounter one another in the shorter range region of the potential, where they may recombine and separate to the product states of a dimer and a free atom. The shared energy release in the separating products is Our calculations verify that L 3 (v, R) varies by less than 2% as a function of collision energy E col in the range of 0 to 1 µK × k B . Our total L 3 value is converged with respect to N s . We obtain shows that they change the total recombination rate less than a few percent. We have observed that a larger effect on product distributions occurs for molecular states with larger binding energies. While these effects can be larger than the few percent level for the most-deeply bound molecular states considered in the calculations, we have seen no significant qualitative change in the product distributions of the most-weakly bound molecular states.
Error estimation for population distribution
In Fig. 5 the error bars represent the statistical uncertainties of the ion signals. However, there are also other sources of error. Due to an imperfect atom number calibration in our setup of up to 30%
there is an uncertainty of 60% in the global normalization of the flux into the molecular quantum states. Furthermore, for the determination of η 1 we assume the relaxation rate constant of the product molecule to be K rel = 10 −10 cm 3 s −1 (see (46) (47) (48) (49) (50) ), a value which could easily be off by a factor of two. While for the levels with v = −2, . . . , −5 this would entail only a small correction of up to a few percent, for the level v = -1 this correction could reach 35%.
